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ABSTRACT

Measurements of dynarnic friction forces at the gear tooth con-
tact were undertaken using strain gages at the root fillets of two
successive teeth. Kesults are presenied from two gear sets over 2
range of speeds and loads. The results demonstrate that the friciion
cocflicicnt dots ant appear to be significantly influenced by the
shiding reversal at the pitch point, and that the friction cocflicicnt
values found ase in accord with those in general use. The friction
coeflicient way found to increase at Jow sliding speeds. ‘This agrees
with the results of disc machine testing.

INTRODUCTION

Friction betwecen shding surfave s at the gear tooth corttace is usy-
ally the major source of power 1oss in gear transmissions., The coc!-
ficient of friction is important tor predicting scoring; resistance and
surface durability of gears, and it is a critical paramcter in the
design of traction drives.

The: type of consact which exists in long-wearing gear systems is
termed elastohydrodynzmice lubrication, where a thin fi'm of Jubri-
cant separates elastically deformed solids. and there is minimal sur-
face asperity contacl. The existence: of this fitm is possible because
of the very large increase in viscosity with pressure of the lubricant.

In the heavily loaded lubnicated ¢lastohy drodynamic contacts of
gear teeth the lubricant can undergro a rapid rine of pressure from
atmospheric to over one Giga Pascal (200 000 psi) in ay little as
0.1 millisccond. At the same time the fluid undergoes shearing which
leads 1o heat gencaation. Temperatures can reach several hundred
degrees Celsius. In addition, there are rapid variations in sliding
velocity and Joad ns teeth pas< alang the linc of contact. The very
complex rheological behaviour of the fluid in these extreme condi-
tons prectudes the vse of sicad y-state (static) measurements for the
evaluation of fluid properties. Nearly all of the studies of this con-
tact phenomenon have been based on disc machines, where most of
the conditions existing at the tooth contact, other than the rapid varia-
ton of slufing speed and load, can be simulaled by rolling discs

against each other with a speed mismatch to simulate gear tooth
shiding and rolling.

Comprehensive accounts of carlier experimental studies in
clastohydrodynamic lubncation are given by Dowson (1967) and
Dowson and Higginson (1466). Crook (1961) thearetically analysed
the friction and ternperatures in the oil film, and derived the friction
versus shding speed characteristic curve (Fig. 1). This curve shows
the dependence of friction on sliding vehocity. This analysis assurned
that the oil film behaves as a Newtonian fluid with a viscosily
dependent only on pressure and temperature. He assurmed the vis-
cosity variation with both temperature and pressure 1o be exponen-
tinl with constant exponeat coeflicients.

The tests of Crouk (1961} were carried out at comparatively low
contact pressures (less than 0.59 GPa, 85 000 1bf/n?). it soon
became apparent (Johnson and Cameron, 1967) that at high
pressures and low specds, the assumption of an exponential increass
in viscosity predicted impossibly high tractions. Johason and
Cameron (1967) identified two critical features -- a large reduction
in the rate of intiedse of viscosity with prescure above 0.7 GPa
(100 (00 bf/in.2), and 2 ceiling to the tracton cosfficient largely
indepundent of contact pressure, rolhiag speed and disc tempera
turc. They advanced a hypothesis of plasiic shear when a critical
stress was reached. Townsend (1968) summansed similar {indings
by other researchers. #nd stated that withot  1ch reductions in the
viscosity cocfficient, it the lubricant would becorae stronger than
the bearing matenal.

Tevaarwerk (1985a) describes the development of a constitutive
lubricont friction model for racuon diives that incorporates a vis-
caclastic and plastic-like dissipative cle ment. For conditions of bigh
slide roll ratios such as gear contacts this model was simplified by
the omission of the ¢laatic respanse of the fluid (Tevaarwerk, 1985b).
Data from rig tezts were used to determine the lubricant parameters

The experimental mcasurcment of friction has usually utilised
disc machines, or in some instances, ball-testing. There have heen
several attempts to mesisure the friction coefTicient through the mesh
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Figure 1.-—Plot of sliding speed versus traction force,
{Crook, 1961}
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Figurs 2.-—Test rig for dynaraic friction force measurernent,
{Benedict and Kellay, 1961).

cycle. Benedict and Kelly /1961) attempted to measure instanta-
neous gear tooth fmction using a test rig in which one of the sup-
ports was strain-gaged (Fig. 2), but they encountered dynamic
problems due to inertia and a low natural frequency of the assens-
bly. As aresult, they reverted to the use of a disc machine for fric-
tion nicasurenient. Radzimovsky (1972) constructed a closed-tonp
gear test machine 10 measure the instantancous cocfficient of fric-
tion through recording the instantancous torque required to rotate
the gear set. However. the rig was operaled at very slow speeds
(6 rpmj to minimise dynamic effects due to sysicm inertia. As a
consequence, the contact conditions were not those where a hydro-
dynamic uil f3lm could be developed. and therefore not applicable
10 elastohvdrodynamic lubrcation.

A number of measurements of overall losses due to fricton have
been carried out. for example Anderson and Loewcenthal (1979),
Krantz and Hiandschuh (19903 but these techniques cannot detect
the vanation in friction during the taoth engagement cycle.

An carlier sences of tests by the authors (Rebbechi, et al.. 1991,
Gswald, et al., 1991) utilised in-situ valibration of an instrumented
gear to separare the normal and frivtional effects. These tests were
successful in providing {or accurate resolution of normal loads, but
quantitative asscssment of friction loads was not posable, as the
calibrating friction force was just the fimiting value of static fric-
tion attained as the gear pawr were siowly rotated under load.

The aim of this report is to deseribe the design principles and
operation of a calibration vig, to cvaluate the dynamic nonnal and
friction forces at tooth conlact, and to present results from tesling in
the NASA. gear noise nig. The data presented here include a com-
parison of meacored frictiun values with theoretical predictions for
arange of speeds and loads. The data used in thic paper were fiom
the samc *eries of tests as Oswald., et al., (1996).

APPARATUS

Dynamic testing was cirried out in the NASA grear noise rig as
described in Qswald, et al., (1996) The rig includes a simple gear
box powered by a 1SOkW (200hp) vuriable speed cleciric
motor, with an eddy current. dynamometer to provide power
absorption on the autput. Test speeds ranged from 800 to 6000 rpm.
The test gears were identical 28-tooth AGMA Class 15 gears
{Table 1). Tests on two gear sets are described here, one et with
fairly heavy profile modification (designaiud set D)) and the other
set unimodificd (without tip relief, set A ). The profiles for these gear
sets are given hy Oswald and Townsend (1995).

Table 1.—-Test Gaar and Lubricant Paramoters

Modute, mm {dvametral pitch)

Face widgth, mm (In) .
Pressure angle. deg
Pitch cuzle diameter, mrm (lrl )
Contact ralio (nomina') .

ACCUrACY .ovviivicnes cineveiaes
Lubricant ...
Vigrosity, CP at 70 C o

Geartooth ... Standard fuli depth

Numbars of teeth ... veniiivii L

100 percent torque, Nm (m |b1)

Pressuro coalficient vigcosity, Gpa ' (m ’Mtof) at 54 ..
Temperaturer confiicient viscosity, °C *
Tnermal conductivity W/m—' C) (it-Ibf/(s-ft-°F) ... ...

CE™Y e ,.._.40.029 (0.018)

.. 3,175 (8)
28 and 28
6.35 (0.25)

. 88.9 (3.5)
e e+ e 164
.71.7 (635)
...... AGMA 15
.. MIL-L-236998

...0.14 (0.0175)

-



The lubricant used for the tests was synthetic turbine engine ofl
(MIL-1-236998) which at the mean temperature used in these tests
of 70 deg Celsius has an ahisoluie viscosity of 8.7 ¢P.

Static Cailbration Rig

A calibration rigz was devised 1o enable independent application
of the norrnal and tangential tooth forces (Figs. 3 and 4). In this rig
one gear shalt. equipped with the instrumented test gear, is frec 1o
rotate only. The other shafi, which contains a single-tooth loading
gear. is free to both rotate and slide. The shding motion, which is
accommodated by linear recirculuting ball-bearings, is constrained
s0 as to b perpeadicular to the lue of action --in other words, in
the direction of friction. The arrangement is such that a normal force
between the weth can be applied without a friction forue being
present. Conversely, provided that there is sufficient normal force
between the teeth to prevent thera fram slidng relative to one another,
a tractive force (simulating friction) can be applied tangeat 10 the
toath contact interface, independently of the nonmal forze.

instrumerdtation

Strain gages were iastalied on the root fillets of two successive
teeth nn the output gears, an hoth the tensile and compressive
sides. The gage position was chosen to be at the 30 degree tangency
position {Fig. 5). For static calibration wheatstone bridge
circusls were used, and for dynamic muasurements the gages were
connested through a slip-ring assembly to constant cusrent signal
conditioners.
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Figure 3.-—Static calibration rig.
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Figure 4.--Calibration rig loading schematic.
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Figura 5.—8train gage installation on test gear.

Data acquisition was achieved using a 12 bit data acquisition
card installed in 4 personal computer. Sample rates ranged from
6.6 1> 50 kH/ tor cach of the five channels. being the four gages
plus & once-per-revolution encoder signal which provided an angu-
Yar pusition reference. These sampir: rates provided for approximately
500 samples per revolution for each channel

TEST PROCEDURE
Callbration

The test gear was calibrated <o as to enahle subsequent evalua:
tion of the dynarpic normal and friction forees at tooth contact. This
15 possible becanse of the lincar independence of the straun gage
response to normal and tangential contact forces. Calibration wae
carried our using a single -tooth luadimg gear, «o that load could be
applicd over the full range of the tooth engagement cycle, while




avoiding indeterminate loud sharing from an adjacent looth. The
torque loading was applied in four incremcats; 0, 57, 85 and
113 pereent of 71.7 Nm torque. This procedure was carried out at
rol! angle incremeuts of 2 degrees from 10 to 32 degrees. One extra
reading was taken at 21 degrees because this i approximately the
pitch point of the gears. Once this “frictionlcss™ calibration was
complete. the procedure was repeated using a constant torque load-
ing to prevent slip, and 2 tracuon (friction) loads of 100 and 190N
(22.3 and 424 1bf).

The data were used (o gencrate a tooih force influence coeffi-
cientmatrix as described in the following secuon. This procedure 18
siilar 10 that described by Rebbechi, et al 1991, but & significant
improvement is now possible in that the calibration rig described
here enables quantitative assessment of friction force in addition to
normal force.

An inverse check of the calibration procedure was then caried
out by engaging a conventional gear with the test gear. so that load
sharing between adjacent teeth was present.

Qvnamic load menguremant

Dynamic serains were recorded for the set A and et DD gears
aver 9 torque levels and four speeds (800, 2000, 4000, 6000 rpm).
After acquisition, the data were digitally resampled using linear
interpolation, at 130 samples per revolution, and then synchro-
nously averaged to minimisc aoa-synchronous components. The
resample rate is greater than the acquisition raic to prevent the
introduction of additional aliasing errors. The synchronously aver-
agred strain data were used to compute dynamic tooth forces.

The dircet measurement of tractive and normal furce using these
strain jzages 1s expected o avoid the dynamic effects such as found
by Bernedict and Kelley (19613, The limiting factor here will be the
nawra) frequency of the tooth ilself in bending. A simple calcula-
tion shows this to be in cxcess of 10 kHz, well above the tooth
engagement frequency of 2,800 Hertz at the maximum test speed.,
6000 tpm. Another possible dynamic ¢ffect is the interesting fea-
ture remarked on by Johneon and Cameron, (1967) and Tevaarwerk
(1985b) where the elastic compliance at the tooth contacl in the
direction of the tractive force, can result 1n tanpential elastic com-
pliance of stmilar order to that of the film itszlf. While this will
madify the apparent lubricant viscosity, it s not expected to affect
the measuremenl of fnction force.

ANALVTICAL PROCEIDURE
Calibration

The: analytical procedure is an extension. of the procedure
described in Rebbechi, et al, 1991, Measuring the sirain outputs Sc
and S, of the gages mounted on the compressive and tensite sides
respectively enables resolution of the normal (FF) and tractive (1))
tooth forces (Fig. 4). provided that the gage responses are linearly
independent. Using as an exareple the situation where one {ooth is
loaded, the response of the compressive and tensile gages S and S,
can be wnitien as:

Sc = ay by +aply (n
S( = il“};n + 3221*‘( (2)

ar alicrnatively as:

{s}=[al{F} (3)

where

{s}= {i} @

i

{F}= {i{} (5)

the aij are then the influence coefficients. Fur example. 2, is the
compressive strain due to a unit normal force F, and a,, is the com-
pressive sirain due to a unit friction force Fy.

The strain wilucnce coefficients are thea cvaluated by setting F
and F ia cquations 1 and 2 alternately to cero. This i< achieved in
the calibration rig (Figs. 3 and 4) by cither applying a torgue in the
absence of a tractive load (F = 0, Fi, . 4), or by applying a constant
torque, sufficient 1o prevent slip, and then a tractive toad. Tn the
later case. it is assumed that the sirain response of the wooth to the
applied loads is linear, and the torque results in a constant offset.
The swains duc to this offset are subtracted from the incremcntal
strains duc to the gactive loading.

In the calibration rig the single-tooth gear was engaged with each
instrumented tooth on the test gear, and strains from all four gages
recorded. In this way the coefficients of a 4 x4 matrix of cocfficients
can be constructed. By mumerically simulating en additional instru-
meated tooth (Rehbechi, et al., 1891) the matrix becomies 6%6. The
nclusion of effects from the adjacent tooth is an essential prerequi-
site of evaluating w0oth loads where there is load- sharing. This i
necessary because of the stress ficld in a gear. which is such that an
applied load on once tooth will result in swains not only on that woth.
but also adjacent teeth. This effect wil! be more marked in the case
of thin-rim gears.

Figure 6 shows the results for calibration at 114 percent torque
with and without frictior  Six-degree polynomials of the strain
influence coefficients were computed to allow interpolatior for any
roll angle. Evaluation of the coefficients gives valid data any where
where: there 14 contact of tooth 1 or touth 2 (Fig. #). Fn and ki are
calcuiated by pre-multiplying by [al'! <o that

{F}=a)\{s) (6)

Theoretical Cajcuiation <f Friction

Carlier work establiched that there are three distinct regiors in
the (ractive force versus shp curve (Fig. 1) for heavily loaded
elastohydrodynamic contacls, see Tor example Townsend (1468) and
Tevaarwerk (1985a):

Region (A) - The Jinear low slip region. This is thought to be
isothe nmal in nature, causcd by the shearing of a linear viscou: (uid
(long transit ume) or a linear elastic Nuid, where the transit time of
the oil 1s equal 1 or less thun the relavation time of the oil.

Region (B) - The non-hineas region, still isotherinal in nature but
where the viscous element responds non-hinearly. The experimen-
tadly noticed reduction in friction is greater than can be accounted
for by the wmperature rise alone. Non-lnear and shear rate el ¢cis
arc thought tn be ymportant.

and
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Figure 6.—Single-tooth strain calibration at 113 percent
torque, with and without friction load of 231 N.

Region (Cy - Thermal region. At high values of slip the wraction
decreases with mcreasing slip due to the: heat generation at the high
values of shearing. and the associated reduction in viscosity duce to
tegmperature rise in the film.

Theoretical calculations of friction force were made according
to the pracedures of Crook (1961). For these computations, the
parameters as listed in Table 1 were taken for the gears and hubri-
caat, with some: madification te account for the 'emperature depen
dence of the viscasity cocfficient, as evident from the pressure
(Ertlichello, 1990). Crook’s method acsumicd # constant pressure
coeffivient to cvaluate the heat balance in the oil film and the result-
my tezaperature rise. Friction force is evaluated by infegrating over
the: [lenzian contact region.

The Hertzian contact width and contact pressure were caliculated
aceording 1o Bisson and Anderson (1964), for a line contuct. The
}6 1ds assurned for the computation were the dynamic tooth loads as
measured during test. The theoretical friction coefficient was then
computed according to the method of Crook (1961).

REESULYS AND DISCUSSION
Static Menhing

The accuraey of the gear load calibratiun procedure was tested
by repeating the calibration procedure. but instead of meshing with
the single-tooth gear, the te st gear was raeshed with its normal mat-
ing gear. This test prevides for an inverse check of the calibration
coefficicnts. and & test of the validity of the computations in the
lead- sharing mesh region.

The: results of this static west procedure are showa in Figs. 7 and
& for gearsets A and D. For these tests a normal force was applicd,
with no external friction force. The dashed line shows the expected
nurmal force in the single contact region. The resulting sum total of
the norma! force outside of this region should ndd (o this expecied
value. The load distribution on 2ach tooth is influenced by the tooth
profiles The fnction foree on each tooth should be zero where there
is single-woth contact In the multiple tooth contact region, inter-
ol forces can develop. to the limit of static friction, due t gear
motion, although no external tungential forie is present. The efiect
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Figure 8.—Statl¢ strain test of gear set D at torquiz 114%.

of internal forces can be seen necar the center of Fig. 8. where the
friction forces have reached approximately +/- 60 N, m the pres-
ence of normal forees of about 900 N. This indicates a fncuor. ~oef-
ficient of 0.067. a reasonable figure for static friction in cases where
the gears have lubricant applied to minimise damage during
calibrabon.

The sigmifican( features of these results are several. Firstly, the
test shows an excellent accuracy for the normal force, where the
applied nominal force (torjue/base radiug) agrees within 3 percent.
The regions of single-toath contact where the noma’ force 1s con-
stant are visible, and in the load sharing regzions the sum of the nor-
mal forees on cach tooth equates closely to the constant 1ota) applied
farce. The marked difference between Figrs. 7 and 8 is due 1o the
unmodified profile of genr st A, versus the tip-modified gears of
set 1Y The friction foree in most instances is zero in the single tooth
contact region. The static vahdation provides confidence in the
reliability of the calibration pracedure.

DRynamic Test

Dynamic sirain data from the toor strain gages were processed
by the pracedure described above o ¢alculate the dynamic normal
and frictional forces acting between the meshing gear teeth. A sample
is shown in Fig. 9 for gear set 1D at 800 rpm and 1<) percent torque
The gear tooth friction force and friction cocfficicnt are ploticd n
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Fg. 10 for gear st D at twenty different test conditions (four speeds
and five torques). Although nine torque levels vsere recorded, only
five ae plotted to reduce clutter in the plots. A sanple of similar
data from gear set A (no tip relicf) is shown 1o Fig. 11, The friciion
data shown in Figs. 10 and 11 is Limited to within the single tooth
pair contact region. The data from outside this region were not con-
tinuous and therefore not vahd.

Accuracy of the strain data is likely to be compromised by sev-
eral factors. chiefly the low tooth loads resulting in smal! swains.
As wat discussed by Rebbechi, et al., (1991), the friction measure-
ment relies upon the difference between the magnitude of compres-
sive and tensile tooth strains, and is particularly scnsitive to error
when the values are similar in value. The process of averaging 1s
expected to help, but cannot eliminate errors arising from synchro
nous effecis. It is also Jikely that the measured strains are infly
enced by other Joads such as gear blank vibration modes imposed
on the gear. Finally, these eqrors are amplificd by the matrix in /er-
5108 Process.

The measured dynamic tooth friction forces are expecied to be
most accurate in the single-tooth contact region, where the forees
are derived from the output of just lwo page- - tensile and compres -
sive on oune touth. The set D gears with thetr heitvy tiprelief have a
longer single contact zone, hence are better suited for this study. In
Figs. 10 and 11, the friction force has been adjusted vertically (o lic
centrally around the x-axis. This adjustreent was made because of a
siall residual DC-affset in the recorded tooth stram values.

From the friction data, the frichon cocfticient can be eviluated
by dividing the friction force by the normal tooth load. The result-
ing friction coefficient is plotied in Figs. 10 and 11 for the higher
torques. The friction (oree (and thus s algehraic sign) reverses
direcnon at the pitch point. Although the friction coeflicient is always
positive Figs. 10 and 12 show it crossing the horizontal axis as the
friction force revetses dircction. Whilst the data Jack the smooth
BPPCUrANCe we Inpy expect after viewiny datd from disc machine

tests (for example Johnson and Cameron, 1967}, a number of sig-
nificant observations can he made:

(a) There appear to be no discontinaitics in the fiction force due
1o sulag direction reversal at the pitch-point.

{b) The cocfiicicnt of friction appears to decrease slighlly with
increasing, spred. but is largely insensitive to load, in the torque
values of 78 to 141 percent plotied here.

{c) The maximum friction coeflicicnt ¢ approximately 0.063, at
800 rpm.

(d) The friction coefficient at the highest speed of 6300 pm
appears to be a maximum of §.04.

(¢) The friction values for gear set A (no relief) are sirnilar to
thase for gear set D (interinedrate telich).

Overall, the friction medsurcments show that the features
observed 1 disc tests of highly loaded Yobricated contacts. are realiscd
throughou the gear tooth meshing cycle. Although the: evaluation
of friction at very light loads was not rehable, the trend shows that
for loads in the normal operating range of theee gears that friction
cocfficientis largely independent of load. Finally. from obscrvation
(b} above, the friction coefficient increases at low sliding speeds.
‘This 14 in sccord with disk machine tests as reported 1n the roferences.

Comparisaon with Theoratice! Calgulations

The theoretical friction coefficient cienlated according to Crook
(1861) is plotted in Fig. 12, for gear set D, 6000 rpm. The teoth
normal loads used n this computation were those experinicnrally
recorcled at the nominal torques levels of 47 1o 141 percent. From
these plots 1t is evident that in comparison with the measured data,
the theoretical calculation grossly overestimates the friction at low
speeds of sliding. At higher sliding speeds (away from the pitch
point) the theoretical friction coefficient merges for the “hifeceat
loads, and nuencrically the resuits for theoretical calculaticn agree
more closely with tha measured values.

At higher sliding specds tecmpeinture cffe ts become more
important. and the high viscosity due to pressure atone is modificd
by the resulting high ter peratiues. The computed maximum tem-
perature rise of the lubricant, reached at the midpoint of the film. is
also plotted in Fig. 12. Xt can be seenithat the temperature rise reaches
a peak value of 140 °C. Due to the reduced tooth load (frum
load-shasing) at the larger roll anglics. this peak is reached before
the extremies of sitding. At 141 percent torque, the computed val-
ues of maximum Hertzian pressure were 1.41 Gpa (204 $00 [bf/
in?). the lubricant thickness .49 microns (17.5 micro-inches). and
the Hertzian half-width 0.19 mm (0.0074 inches). Computations
of theoretical friction at lower specds resulted inunrealistically high
friction values, confirming further the limitations of a simple madel
far the lubricant.

As a further comparison, the friction cocfficient was calculited
according 1o Benedict and Kelley (19611 Therr computativn is
intended primarily tor use in scoring fasiure predictions, and effec-
tively relates to the region C of Fag. 1. that is the thermat region.
Results using their cquation are platted i Fig. 13. The loads used
arc those experimentally oblained. These results agree fmrly well
with experimental data (Fig. 10) in the repion away from the pitch-
point where the fnction coefficienc is approximately 0.04.

.
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Figure 10,~-Measured dynamic; gaar tooth frictlon loads and friction coefficient, gear set .
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SUMMARY AND CONCLUSIONS

Gear tooth normal and frictional forces were measuied using
straia gages mounted in the Glets of the gear teeth. The measured
forces were uscd 10 compuie the dynamic coefficient of friction
existing hetween contacting teeth. The following conclusions were
obtained:

1. The measured dynamic friction loads show friction coefficients
of approximately of 0.04 to 0.06. I'riction coefficients increase at
low sliding speeds. These resulls are in accord with disk machine
tests as reported in the references

2. The results show that the reversal of sliding which occurs at the
pitch-point. does not cavse i discontinuity i the friction ceeflicient.
which shows a smouth brancition as the friction force reverses direction.

3. The wechnique described here offers the potential to study the
variation 10 friction coefficient throughout the geas tooth meshing
eycle, and examples of this variation for a range of loads and speeds
arc presented.

4. The measured data arc inore accuralce at higher loads and in the
single -tooth contact region,
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